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ABSTRACT

The results of vibration-generator tests and theoretical calculations of
natural frequencies and normal modes of vibration on eight vessels of widely
different types are discussed in this progress report. The tests were made
with the TMB medium vibration generator producing driving forces up to
30,000 lb single amplitude. The calculations were made by means of the TMB
electrical network analyzer. The errors in the calculated frequencies are tabu-
lated. By using correction factors for the various modes based on the accumu-
lated experimental data, more reliable estimates should be possible in the future.
Data on the horizontal modes are also given, but coupling between horizontal and
torsional motions requires further investigation before the reliability of predic-
tions of horizontal modes can be forecast.

INTRODUCTION

The treatment of a ship together with the water moving with it as a free-free beam
having numerous natural modes of flexural and torsional vibration covers an extensive litera.
ture which it is not intended to review in this report. The David Taylor Model Basin attempt-
ed to establish a set of equations applicable to the dynamics of this system in a report en-
titled "Recent Developments in the Theory of Ship Vibration." ' This report is concerned
chiefly with the experimental verification of the theory given therein.

It does not seem to have been sufficiently emphasized so far that the treatment of the

hull and the surrounding water as a single vibrating mass is highly artificial. There are
many limitations to this theoretical treatment among which are the uncertainties in evaluating
the parameters representing bending rigidity, shearing rigidity, and effective mass which
enter into the calculations themselves. As the frequency increases, a stage is reached at
which all semblance to ordinary beam vibration isappears, and the equations can no longer
be considered even approximately valid. Although this procedure has proved its utility in
the calculation of natural frequencies and normal modes of vibration of hulls, it must be
recognized that a beam vibrating on the surface of a dense fluid presents a dynamical system
very different from that of a free-free beam in empty space.

The use of different values of virtual mass for different modes of vibration will increase

the accuracy obtainable in the frequency calculations. A formula for estimating the variation
in virtual mass for vertical modes has been proposed by E.H. Kennard, 2 but it is clear that

4the general dynamical problem cannot be treated by the equations given in Reference 1 if the
mass must be considered to vary with the frequency.

1kefetences are listed on page 16.
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The chief aim of present ship vibration research is the prediction of the steady-state
vibration of ships under the action of known sinusoidal exciting forces whether resonant or

nonresonant. This report indicates the extent to which the theory has been experimentally

verified up to the present time.

DESCRIPTION OF TMB EXPERIMENTAL METHODS

Although impact methods, such as the anchor-dropping method, may be used for the

determination of the fundamental natural frequency or possibly the frequencies of the first

two vertical modes, the systematic determination of the natural frequencies and normal modes

of vibration of lkulls requires in general the use of machines known as vibration generators.

Such machines are built in a large variety of sizes and weights and may be either mechanical

or electromagnetic. At present the most common type of hull exciter is the mechanical one

having rotating eccentric masses.
In Reference a are described a variety of vibration machines, both portable and station-

ary, in use by the Taylor Model Basin, and in Reference 4 are summarized the results of a

number of tests made on hulls by means cif portable vibration generators. One such machine

is illustrated in Figure 1. It is unnecessary to go into the details of the design of these

machines here, but some discussion of the methods presently in use is pertinent especially

since instrumentation for use in such tests is still undergoing development.

As shown in Reference 3, the mechanical vibration generator is usually adjusted to

produce a unidirectional sinusoidal force but, if desired, certain machines may also be ad-

justed to produce a pure sinusoidal torque. For normal-mode and natural-frequency determina-

tions the vibration generator is usually installed on the main deck either in the bow or in the

stern. For determining the response to propeller forces it is installed in the stern, if possi-

ble, directly over the propellers.

Various procedures may be used in carrying out a vibration generator test. The par-

ticular one to be chosen depends not only on the type of recording equipment available but

on the speed regulation of the vibration generator with the control system on hand.. Two

general procedures have proved satisfactory.

In the first the vibration generator is set for a given eccentricity and run at gradually

increasing speeds until the maximum speed permissible with this eccentricity is reached.

During this run the amplitude is recorded at some convenient point on the hull. A plot of

amplitude against frequency gives the so-called resonance curve whose peaks indicate the

natural frequencies of the hull. If the maximum speed reached with the initial eccentric

setting is lower than the upper limit of frequencies to be explored on the vessel under tests,

it is necessary to repeat the run with a lower eccentric setting which permits a higher ma-

chihe speed. After the resonance curves have been plotted, the individual modes are explored

by holding the speed constant at a value corresponding to each resonant frequency and meas
uring amplitudes along the hull with some form of portable amplitude-indicating meter.
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Figure 1 - TM1 Medium Vibration Generator and Control Console

The other general method requires considerably more instrumentation but has compen-

sating advantages. Amplitudes are measured simultaneously at numerous points along the

hull by means of a recording system which consists of electrical vibration pickups connected

through a multiconductor cable running the entire length of the ship to a recording system lo-

cated in an instrument station supplied with amplifiers and multichannel oscillographs. Single

excursions of the permissible speed ranges are made by the vibration generator at a rate of

change of speed slow enough to develop the steady-state amplitudes during which time the

recording system is in operation. Both the natural frequencies and the normal-mode patterns

are then found by analysis of the oscillograms. In this case the control system should be

capable of maintaining a uniform rate of change of speed.

At the time of writing this report the experience of the Model Basin, as far as full-scale

hulls are concerned, has been limited to tests in which only a sinusoidal driving force has

been produced. When the machine has been oriented to produce an athwartship driving force,

it has usually been located on the main deck or at least on a deck sufficiently removed from

the torsional axis that both torsional and horizontal flexural modes have been excited.
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As horizontal and torsional motions of the hull may be coupled, the measuring tech-

nique must permit one to distinguish between these two motions. Such a technique requires

measurement of phase as well as amplitude.

The TMB medium vibration generator can be adjusted to produce a pure couple by re-

moving two eccentrics on the same side of the machine and replacing them after rotating them

180 deg. However, the couple thus produced is much less than the moment about the center

of mass that is developed when the machine is adjusted for an athwartship sinusoidal force'

and installed on the main deck, since the lever arm is so large in the latter case. Up to the

time of writing this report, experience in investigating the torsional modes of hulls by using

the TMB medium vibration generator when set for a pure couple is lacking. However, in the

experiments scheduled to be conducted on a dry cargo vessel of the Mariner class under the

auspices of Panel S-6 of the Society of Naval Architects and Marine Engineers, it is planned

to run such a test.
Since the vibration generator permits the determination of the amplitude produced by

a known exciting force, it may also be used for the determination of the effective exciting

force due to propeller action. However, details of this phase of the ship vibration research

program will not be discussed in this report.

Since at resonance the amplitude of the hull is limited only by damping, it is theoreti-

cally possible to establish damping values from the resonance curves obtained during vibra-

tion generator tests. As shown in this report the damping "constants" thus determined are

not actually constant but vary with the frequency.

The anchor-dropping technique has proved extremely useful in finding the frequency

of the fundamental vertical mode of hulls, although on occasion it may excite a higher mode.

It consists simply in letting the anchor fall a few feet and suddenly arresting it. The result-

ing impulse usually sets the hull into vertical vibration. A continuous recording of this vibra-

tion will give not only the natural frequency but the logarithmic decrement from which a value

of the damping constant may also be derived.

CALCULATED AND EXPERIMENTAL NATURAL FREQUENCIES
AND DAMPING FACTORS

Although a number of other vibration-generator tests have been run on naval and mer-

chant vessels, the test data assembled here are limited to those obtained on vessels tested

in a sufficient depth of water to eliminate shallow-water and side effects. Test results on

eight vessels of widely varying types are available for study at this time.

All these vessels were tested with the TMB medium vibration generator described in

Reference 5; the tests were conducted by either of the methods previously described.

The principal data on these vessels are given in Table 1. Profiles and midship sec-

tions are shown in Figure 2.
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TABLE 2 - Comparison of Experimental and Calculated Frequencies of Vertical Modes

Frequencies in cpm
Vessel 1st Mode 2nd Mode 3rd Mode 4th Mode 5th Mode 6th Mode 7th Mode 8th Mode

exp cal exp cal exp cal exp cal exp cal exp cal exp cal exp cal

NIAGARA 110 97 200 190 292 286 355 376 448 462
CHARLES R. WARE 79 77 165 169 261 270 360 388
E. J. KULAS 31 92 74 150 126 200 182 246 237 285 294 304 348 360 396
C. A. PAUL 45 38 106 96 168 167 210 241 312 315 354 390 432 459

PERE MARQUETTE 21 112 113 224 249 346 385 512 524
OLD COLONY MARINER 82 73 155 149 227 233 270 318

NORTHAMPTON 68 64 133 130 204 207 288 283 359 357 437 434 500 500
STATEN ISLAND 280 282 540 592 720 906

TABLE 3 - Comparison of Experimental and Calculated Frequencies of Horizontal Modes

Frequencies in cpm

Vessel 1st 2nd 3rd 4th 5th
Mode Mode Mode Mode Mode

exp cal exp cal exp cal exp cal exp cal

NIAGARA 190 167 402 365 -585 536
CHARLES R. WARE 132 107 246 207
E. J. KULAS 81 195* 189 320* 306 '375* 444 558
C. A. PAUL 180 148 300 243

PERE MARQUETTE 21 220 201 390 423
OLD COLONY MARINER 118 107 280 234 350 369 435 495

NORTHAMPTON 103 80 183 166 276 277 327f 405 392 530

STATEN ISLAND 420 375

*Experimental determination of number of nodes not made; tabulation made to

yield best agreement with calculated values.

tUncertainty as to whether this is a flexural or a torsional mode.

TABLE 4 - One-Noded Torsional Modes Found by Vibration Generator Tests

Vessel Frequency in cpm Vessel Frequency in cpm

NIAGARA 322 PERE MARQUETTE 21 -

CHARLES R. WARE 310 OLD COLONY MARINER -

E. J. KULAS 262* NORTHAMPTON 346*
C. A. PAUL - STATEN ISLAND

*Not positively identified as this mode.
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The vertical modes are the most important as far as verification of present theory is

concerned, and the results obtained for these modes will therefore be presented first.

Table 2 gives a comparison between experimental and calculated frequencies of vertical

modes.
As has been pointed out elsewhere, pure horizontal and pure torsional modes may not

be found on certain vessels, and modes are possible in which both horizontal flexure and

torsion occur simultaneously in various proportions. These are the so-called torsion-bending

modes. The present stage of accumulation of experimental data is not sufficiently advanced

to permit tabulation of definite torsion-bending modes in this report. Therefore only modes
that have been identified either as horizontal flexural or torsional are tabulated. This does

not imply, however, that the measuring technique employed was always adequate to establish
that the mode was purely of one or the other type. Table 3 gives a comparison between cal-

culated and experimental values of horizontal modes.

At this writing no reliable calculations are available relative to pure torsional modes

for the vessels under consideration. There are given therefore in Table 4 only the scant

experimental data on such modes.

Although the experimental determination of propeller exciting forces is not discussed

here, some correlations betweeh driving forces and amplitudes will be attempted and it

should be noted that at resonance the amplitudes are determined by the damping as well as

the driving force.

The theory of forced vibration given in Reference 1 makes use of a distributed viscous

damping constant c which is the damping force per unit velocity per unit length and is also

assumed to be proportional to the mass per unit length A. Also defined in Reference 1 are

the "effective mass" Mi and the "effective damping constant" 0C for each normal mode. It

follows from these definitions that C/Mj = c/ where the large letters represent the effective

values for the ith normal mode and the small letters represent the values per unit length.

If the damping were actually of the type discussed in Reference 1, c would be inde-

pendent of both amplitude and frequency, and it might be expected that the values of c/p
would fall within a reasonably narrow range for all classes of ships and for all modes of

vibration. The existence of.a universal value of this ratio could be extremely useful in

estimating hull amplitudes for resonant conditions. Since in reality the damping appears

to increase with frequency, it seems more likely that the ratio c/p w would remain constant

(o being the circular frequency of the mode). In a vibration generator test the energy input

per cycle at resonance W is given by the relation

W = r 1% y'o

where F0 is the amplitude of the driving force and y0 is the displacement amplitude of the

hull at the location of the vibration generator ("the driving point").
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Under the assumptions stated in Reference 1, the energy absorbed per cycle is given

by the equation

since c/1L is assumed constant.

By equating these two energy expressions there is obtained the formula

I fL 1 2 dZ
0

from which c/1z may be evaluated if the driving force, the amplitude at all points along the

hull, and the mass per unit length including virtual mass are given.

In Table 5 are given values of c/1 and o/p oj obtained from data taken for vertical

modes during vibration-generator tests on the vessels under discussion by the use of this

equation. The average of all values of c/pA c given in the last column of Table 5 is 0.034.

An estimate of damping can also be made by observing the rate of decay of free vibra-

tion which yields the-logarithmic decrement. If the damping were viscous and proportional

to mass, the logarithrm..c decrement would be related to the ratio c/p by the equation

8

where o is the natural circular frequency of the mode in question. It would also follow that

the logarithmic decrement would vary inversely with the frequency of the mode.

To date, the few decrement observations reported were made during anchor-drop tests,

a method that usually excites appreciably only the fundamental mode. Almost identical values

of 8 were found for the fundamental vertical mode on two destroyers of considerably different

displacement. Of these the value for the CHARLES R. WARE was 0.022. As the frequency

was 79 cpm, this corresponds to a c/p of 0.058 and to a value of c/poi of 0.007.

In deriving damping values for the horizontal modes it is to be noted that the value of

p will be different since the virtual mass values are different for the two cases. In Table 6

are given the damping factors derived for these modes. The average of all values of c/pco

given in the last column of Table 8 is 0.041.
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TABLE 5

Damping Factors Derived from Vibration Generator Tests under Resonance Conditions
(Vertical Modes Only)

A) clI Driving Force Driving Pointe MSingle
Vessel Mode rad/sec 1/sec tons Amplitude

ft

NIAGARA Ist 11.5 0.49 0.043 0.51 0.0011
2nd 20.9 0.41 0.019 1.68 0.0021
3rd 30.5 0.83 0.027 3.57 0.0014
4th 37.1 2.6 0.067 5.27 0.0058
5th 46.8 2.20 0.047 8.44 0.0049

CHARLES R. WARE 1st 8.2 0.17 0.021 0.30 0.0050
2nd 12.2 0.17 0.010 1.32 0.0070
3rd 27.3 0.31 0.014 3.32 0.0031
4th 37.6 1.3 0.035 6.29 0.0092

E. J, KULAS 5th 29.8 0.80 0.027 2.77 0.0006

C. A. PAUL 1st 4.71 0.029 -0.006 0.16 0.0079
2nd 11.1 0.114 0.010 0.76 0.0064

PERE MARQUETTE 21 "1st 11.7 0.168 ,  0.014 0.89 0.0052

NORTHAMPTON 2nd 13.9 0.298 0.021 1.21 0.0008
3rd 21.4 0.512 0.024 2.86 0.0007
4th 30.2 0.722 0.024 5.71 0.0004
5th 37.6 1.33 0.035 8.84 0.0004

6th 45.8 2.55 0.056 12.95 0.0001
7th 52.4 7.80 0.149 17.19 0.0002

STATEN ISLAND 1st 29.3 0.976 0.033 2.81 0.0038

__(avg)0.034



TABLE 6

Damping Factors Derived from Vibration Generator Tests under Resonance Conditions
(Horizontal Modes Only)

o/1, C/w Driving Force DrivingPoint
Vessel Mode dimensionless Single Amplitude

rod/sec I/sec tons f
I Ift

NIAGARA 1st 19.9 0.293 0.015 1.76 0.0030

2nd 42.1 0.943 0.022 6.79 0.0010
i_ _ 3rd 61.3 2.49 0.041 5.98 0.0003

CHARLES R. WARE 1st 13.8 0.085 0.006 0.25 0.0044

NORTHAMPTON 1st 10.8 0.735 0.068 0.71 0.0008
2nd 19.2 0.975 0.051 2.32 0.0007
3rd 28.9 1.61 0.055 5.36 0.0004

4th 34.2 2.15 0.063 7.14 0.0003
5th 41.1 1.82 0.044 10.71 0.0002

STATEN ISLAND 1st 44.0 3.62 0.082 2.81 0.0007

(avg) 0.041

FORCED RESONANT VIBRATION ESTIMATES BASED
ON EXPERIMENTAL DATA

The problem of estimating the forced vibration of a vessel in its design stage is one

of considerable importance to the naval architect. Whereas much progress is to be expected

in this field in the near future, some forecasting is possible even with the meager experimen-

tal data available at the present time.

It is assumed in this discussion that the vertical and horizontal components of the

exciting force have already been predicted. It is also assumed that the natural frequencies

and normal modes of vertical and horizontal vibration have been calculated by methods previ-

ously discussed. Torsional or torsion-bending modes are not considered at this time.

It is attempted here to deal only with the case of forced vibration at a hull resonance

in which case the amplitude is limited only by the damping. The values of c//o given in
Tables 5 and 6 should be helpful in making the forecast.

In accordance with the equations given on page 24 of Reference 1 the amplitude of

resonant forced vibration will be given by the relation

,( )~~~~X W x ~) •x

2 L X2J o ZdO~*A a 0



In order to use this relation the normal-mode shape must first have been determined

by calculation for the mode in question, designated as the ith mode. The normal-mode shape

is plotted in dimensionless units with the value unity at the after perpendicular giving the

curve Xi (o). The coefficient of X, (m) in the above equation will have the dimension of

length. F is the single amplitude of the driving force in tons; Xi (o) is the value of the

normal-mode ordinate at the driving point; 6i is the resonance circular frequency in radians

per second; the value of o/scoi is the average of the values tabulated in Table 5 or Table 6.

The value of fL pXi2 (x) do is obtained by graphical integration, f being the mass per unit

length including virtual mass in ton-sec 2 ft2 . The numerical value of the coefficient of

Xi (-) will give the estimated single amplitude at any desired point along the hull in feet.

It should be noted that the assumption is made that at resonance the components of modes

other than the resonant mode are negligible.

COMPARISON BETWEEN THEORY AND EXPERIMENT

The vertical modes are unquestionably the best to consider for verification of the

basic theory of ship vibration because of the symmetry with respect to the vertical plane

through the fore-and-aft centerline. To show the degree of correlation between the calculated

* tand actual frequencies of these modes (summarized in Table 2) the percentage errors in the

calculated values are given in Table 7. Both the algebraic average error and the absolute

average error are given at the bottom of this table. The former indicates the tendency of the

method used to underestimate the frequencies of the first two modes, to give the frequency of

TABL__7

Percentage Error in Calculated Frequencies of Vertical Modes

____Error in Percentage of Experimental Value
Vessel

1st Mode 2nd Mode 3rd Mode 4th Mode 5th Mode 6th Mode 7th Mode 8th Mode

NIAGARA -12 - 5 -2 + 6 +3

CHARLESR. WARE - 3 + 2 + 3 + 8
E.J. KULAS _____,_ -20 -16 - 9 -4 + 3 +12 +10

C.A. PAUL -16 - 9 - 1 +15 +1 +10 + 6

PERE MARQUETTE 21 + 1 +11 +11 + 2 .....

OLD COLONY MARINER -11 - 4 + 3 +18 "

NORTHAMPTON - 6 - 2 + 2 - 2 -1 -1 0

STATEN ISLAND + 1 +10 +26
Average Algebraic Error -6.6 -2.1 + 3.3 + 5.4 0 + 4.0 + 6.0 +10.0

Average Absolute Error 7.1 7.9 8.0 8.6 2.0 4.7 6.0 10.0
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the third fairly accurately, and to overestimate the frequencies of modes beyond the third by
gradually increasing, amounts.

In the case of the NIAGARA it was thought at first that the underestimate of the fre-
quency of the fundamental mode was due chiefly to the neglect of the contribution of the super-

structure to the bending rigidity, and further calculations were made on the assumption that

the superstructure was fully effective and also on the assumption that it was partially effec-

tive. The former assumption gave a value of frequency in perfect agreement with the experi-
mental value. This appeared to indicate the importance of including the superstructure in

the moment of inertia; but the NIAGARA is the only one of the eight vessels under discussion

which has any appreciable superstructure and errors of the same order as found on the

NIAGARA with the superstructure neglected have been found on vessels with no appreciable

superstructure.

Recent comparisons between calculations on the analog and those on a digital computer

indicate that part of the error found in the frequency of the fundamental mode may be ascribable

to the analog itself.

As pointed out in Reference 1, the chief factr. s iffecting the fundamental vertical mode

are the bending stiffness E I and the virtual mass. The chief factors affecting the higher

modes appear to be the shear stiffness factor KAG and the virtual mass. The virtual mass is

believed to decrease in the higher modes. A lower virtual mass, however, would give 'higher

frequencies and the calculated values for the higher modes are already too high. Moreover,

the use of a virtual mass factor varying with frequency does not appear practical at this time.

By using lower virtual masses and lower shear stiffnesses it would no doubt be possi-

ble to show over-all improvement in the calculatea values. It would be equally effective,

however, to continue making the calculations by the present procedure and to apply to the

values thus obtained correction factors equal to the algebraic average errors shown in Table 2.
If this were done in the case of the NIAGARA, the frequencies of the first five modes would'

be predicted within 5 percent. A study is'being initiated to determine the extent of system-

atic errors in the network analyzer itself.

Table 8 gives the percentage errors in the calculation of frequencies of the horizontal

modes.

Although the data on horizontal modes are much scantier than those on vertical modes,

the same trend in the errors is shown in the two cases and the same procedure may be adopted

for the present as recommended for vertical modes, namely to carry out the calculation as

outlined in Reference 1, and to apply the experimentally determined correction factors given

in Table 8.
Because of the greater bending stiffness of the ship with respect to horizontal modes

and the lower virtual-mass effect of the surrounding water, the frequency of the fundamental

horizontal mode is usually considerably higher than the frequency of the fundamental vertical

mode, It has been found more difficult to excite as many clearly defined horizontal modes as
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TABLE 8

Percentage 'rror in Calculated Frequencies of Horizontal Modes

Vessel Error in Percentage of Experimental Value

1st Mode 2nd Mode 3rd Mode 4th Mode 5th Mode

, NIAGARA -12 - 9 -9
CHARLES R. WARE -19 -16

t E.J.KULAS - - 3 -5 +19
C. A. PAUL - -18 -19.0
PERE MARQUETTE 21 -9 + 9
OLD COLONY MARINER -9 -17 + 5- +14
NORTHAMPTON -22 - 9 0 +24 +35
STATEN ISLAND -11

Average Algebraic Error -13.7 -9.0 -5.6 +19.0 +35
Average Absolute Error 13.7 11.6 7.6 19.0 35

vertical modes and at the present time the upper limit appears to be the fifth mode for vessels
of usual length/beam ratios.

As has been pointed out in Reference 1, the horizontal flexural and torsional deforma-
tions of the hull may be combined into so-called coupled torsion-bending modes. Until further
investigation of such modes has been made, it seems advisable to defer consideration of
means of improving the accuracy of calculation of horizontal modes. However, it may be
helpful to observe the trend of the errors in the calculations that have so far been made for
modes that were considered horizontal, that is, by ignoring any torsional effects as given
in Table 8.

CONCLUSIONS

As this is a progress report only tentative conclusions are offered at this time. The
experimental evidence accumulated to date appears to substantiate the basic soundness of
treating the ship as a free-free beam having bending and shearing flexibility, at least as far
as the vertical modes of vibration are concerned. It is believed that a vibration analysis by
the methods discussed in this report and in Reference 1 should be made for any new class of
vessel even though the accuracy may be insufficient for selecting shaft speeds and number
of blades per propeller with assurance that a critical condition can be avoided. The analysis
will at least indicate the possibility of resonant conditions and in case the calculations in-
dicate that vibration troubles may be encountered it may be advisable to provide substitute
propellers or at least to have them designed. Systematic errors in the method of calculation
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can be corrected by applying factors based on average errors as shown in this report. This

process should become more reliable as further experimental data are accumulated.

On the basis of experimentally determined damping values, forced vibration estimates
are possible for resonant conditions provided the exciting forces have previously been

predicted.

Much less accuracy appears attainable in the case of horizontal modes than in the
case of vertical modes and the effect of coupling between horizontal and torsional motions

requires further investigation.
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